Summary. Ovarian-adrenal interactions on insulin secretion during oestradiol treatment were studied in sham-operated, ovariectomized and adrenalectomized-ovariectomized female rats, the latter thus treated to suppress interference from endogenous hormones. Islets of Langerhans isolated from oestradiol or oestradiol + corticosterone treated and control rats were incubated with various glucose concentrations. Oestradiol treatment enhanced basal and glucose stimulated insulin secretion from sham-operated (+ 12%) or ovariectomized rats (+ 24%). This effect disappeared in adrenalectomized-ovariectomized rats but reappeared when adrenalectomized-ovariectomized rats were treated with oestradiol + corticosterone (+ 37%). A 14-day oestradiol treatment had atrophic effect on total protein content independent of adrenal presence (+14%; +15%; +31%; +23% versus respective control groups). Our data demonstrate that corticosterone is necessary for the stimulating effect of oestradiol on insulin secretion.
The stimulatory effect of oestrogen treatment of glucose-induced insulin secretion is well established [1] [2] [3] [4] [5] . Because of the effect of oestradiol on the concentrations of other plasma steroids, the possibility of an indirect effect has been postulated [6] [7] [8] [9] [10] [11] . Indeed, progesterone and corticosterone are enhanced particularly during oestradiol treatment [11] and these hormones are well known to interfere with insulin secretion [2, 10, [12] [13] [14] [15] [16] . Previous experiments in vivo have shown that hyperinsulinism induced by oestradiol treatment is more pronounced in ovariectomized rats and disappears in adrenalectomized-ovariectomized animals [11] . Thus the hypothesis arose that oestradiol acts on the/3 cell via the glucocorticoids. In order to test this hypothesis, the effect of oestradiol on insulin secretion was studied in vitro, using islets of Langerhans isolated from 14-day oestradiol-treated or control rats in the following animal groups: sham-operated, ovariectomized or adrenalectomized-ovariectomized with or without corticosterone.
Methods

Animals
Female Wistar rats weighing 200-210 g, aged 9 weeks, were kept in a temperature-controlled room at 22~ with a 12h lighting schedule (07.00 19.00 h); they had free access to standard laboratory chow and water. NaC1 solution (0.9%) substituted water after adrenalectomy. The animals were divided into four groups: (1) sham-operated, n = 10; (2) ovariectomized, n = 12; (3) adrenalectomized-ovariectomized, n = 17; (4) adrenalectomized-ovariectomized supplemented with corticosterone, n = 10. After an 8-day post-operative recovery period, the rats received SC injections of 0.05 mg/0A ml 17 fl-oestradiol twice daily for 14 days (Sigma Chemicals, St Louis, USA). Control animals received only the vehicle (ethanol and olive oil : 2.5/97.5, v/v). Corticosterone supplementation was 0.2 mg twice daily (Fluka, Buchs, Switzerland).
Experimental procedures
Islets of Langerhans were isolated by the method of Lacy and Kostianovsky [17] . Groups of five islets were assessed in plastic microtubes containing I ml albumin Krebs-Ringer bicarbonate buffer with a nonstimulatory glucose concentration (4.2 retool/l) and gassed for 1 rain (95% O2: 5% CO2). After a 30-rain pre-incubation period at 37 ~ in a shaking bath (60 rev/min), the supernatant was discarded and the islets were washed with 0.1 ml of the stimulating medium. Incubations were performed in 0.1 ml of gassed Krebs Ringer bicarbonate buffer at various glucose concentrations: 4.2, 8.3, 11.1, 13.9, 16.7 and 33.3 retool/1. After 2 h, insulin secretion was stopped by the addition of 0.9 ml of Krebs Ringer buffer at 4 ~ The medium was then removed and kept at -20 ~ until insulin determination. Islets were washed twice with 1 ml Krebs Ringer buffer without albumin before lyophilization and sonification for protein determination.
Analytical methods
Insulin was assayed by a single antibody method [18] using rat insulin as a standard (Novo, Copenhagen, Denmark). Islet protein content Results are expressed as mean + SEM with number of assays in parentheses. Protein content per islet based on groups of five islets after the incubation assays. Insulin values are derived from the curve areas (see Figs. 1-4 ). Statistical analysis: ap < 0.001, bp < 0.01, Cp < 0.05 versus their respective controls; dp < 0.001, ep < 0.0J, fp < 0.05 versus sham controls was measured by a colorimetric microdosage technique (Bio-Rad protein microassay: 1-20 .ug protein) [19] .
Calculations
Results are expressed as mean _+ SEM. Statistical significance was established using the Student's t-test for unpaired samples, n is the number of assays from two or three consecutive experiments run in parallel and performed with islets from several rats. The curve areas of glucose dose-dependent insulin responses were calculated by trapezo]dal integration. (Table 1) Islets protein content was determined on the groups of five islets used for incubation assays and after washing. This parameter was not affected by ovariectomy but was decreased after adrenalectomy and reversed in islets from adrenalectomized-ovariectomized rats receiving corticosterone. Oestradiol treatment increased the total protein content of islets in all the groups considered.
Results
Total protein content of islets of Langerhans
Insulin secretion by isolated islets of Langerhans
All the groups studied exhibited a dose-dependent insulin response to increasing glucose concentrations. The insulin response of islets from sham-operated or ovariectomized rats was not significantly different (Table 1) whereas it was reduced in the adrenalectomized-ovariectomized group and restored with corticosterone supplementation ( Table 1) . The same variations could be observed whether the results were expressed as ng of insulin or as ng insulin/,ug protein.
After oestradiol treatment, basal and glucose-induced insulin responses were increased in the sham-operated group (Table 1, Fig. 1 ) except at the highest glucose concentration (33.3mmol/1). The same results were observed whether insulin values were expressed as ng or ng/~tg protein, though basal insulin values were not significantly different in the second form.
Islets from the ovariectomized oestradiol-treated group showed enhanced insulin secretion for basal and stimulatory glucose concentrations (Table 1 , Fig.2 ) in whichever form the results were expressed except at the highest glucose concentration (33.3 mmol/1).
Insulin secretion of islets from oestradiol-treated adrenalectomized-ovariectomized rats was not significantly different from that of their own control adrenalectomized-ovariectomized group (Table 1, Fig.3 ) and was also lower than in all other groups.
In the last group of animals without ovaries and adrenal glands but with corticosterone, basal and glucose-induced insulin responses were increased by oestradiol treatment (Table 1 , Fig. 4 ) whichever expression mode was used. One must note that for the highest glucose concentration (33.3mmol/1), insulin secretion which was already enhanced by corticosterone, was greater with corticosterone and oestradiol though this rise was not significant (Fig. 4) . In addition, the insulin release curve tended to reach a maximum after 16.7 retool/1 glucose stimulation. This rise was not so clear cut in the other oestradiol-treated groups, but they all presented a non-significant rise of insulin release from 16.7 mmol/1 to 33.3 retool/1 glucose, whereas for the control group this rise was significant.
Discussion
Experiments in vivo have shown that 17-fl-oestradiol treatment of normal or ovariectomized rats induces a high plasma insulin concentration and an enhanced insulin response to intravenous glucose load [11] . This effect disappears when the adrenal glands are removed [11] ; moreover oestradiol treatment has an inhibitory effect in adrenalectomized-ovariectomized rats which is only partially corrected by corticosterone supplementa- tion [11] . These in vivo observations suggest that the presence of the adrenal gland is necessary for oestradiol action on the fl cell; but they may also reflect the interaction between insulin secretion and insulin degradation. So, to determine the exact magnitude of the oestradiol effect on insulin secretion, studies were performed in vitro on isolated islets of Langerhans from 14-daytreated rats.
The present results of in vitro studies show that a 14-day oestradiol treatment increases insulin secretion in islets from ovariectomized rats in agreement with the cited in vivo experiments. They confirm earlier data obtained on the perfused pancreas [2, 3] and in incubated [I, 4] or perifused [4] isolated islets. This action of oestradiol could be seen also in islets from sham-operated rats, suggesting that oestradiol did not merely reverse an ovariectomy-induced inhibiting effect, better observed in other experimental conditions [5] . The pattern of insulin response to glucose, particularily in the ovariectomized groups, might be related to an enhanced sensitivity to glucose.
The long-term stimulating effect of oestradiol on insulin secretion in vitro disappeared in adrenalectomized-ovariectomized rats; this agrees with studies in vivo, but in vitro oestradiol did not inhibit insulin secretion as in vivo [11] .
Since the presence of adrenal glands was necessary for the stimulating effect of oestradiol on insulin secretion in vitro, a corticosterone supplementation was used to demonstrate the role of glucocorticoids. Corticosterone alone enhanced the magnitude of insulin response and reversed the effect of adrenalectomy+ ovariectomy. Oestradiol added to corticosterone again increased the insulin response by enhancing the sensitivity of the fl cell to glucose, rather than by increasing the magnitude of the insulin response, which was no longer significant for the highest glucose concentration 9 Thus, the stimulating effect of oestradiol on insulin secretion in Our data confirm that oestradiol treatment enhances the total protein content of the islets of Langerhans [1] and, moreover, demonstrate that this trophic action does not need the presence of the adrenal gland as does the effect on insulin secretion. The oestradiol induced rise in islet protein content is observed in the absence of adrenal glands or corticosterone, but is not followed by a rise in insulin secretion. This observation does not agree with the hypothesis of Costrini and Kalkhoff [11 which explains an oestrogen-induced insulin hypersecretion in islets from normal rats by atrophic effect of this steroid.
The decrease of islet protein content after adrenalectomy is reversed by corticosterone; this suggests a possible trophic role of corticosterone on islets as already reported after prolonged glucocorticoid treatment [8] . This trophic effect is not oestradiol dependent.
In conclusion, the presence of corticosterone is a prerequisite for the stimulation of insulin secretion by a 14-day oestradiol treatment; in contrast, the oestradiol trophic action on islets of Langerhans is adrenal independent.
